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ABSTRACT
The purpose of the r e s e a r c h on the rough-to-smooth transition of a n equilibriur neutral constant s t r e s s l a y e r i s t o develop a model f o r low-level atmospheric flow over t e r r a i n s of abruptly changing roughness, such a s those occurring n e a r the windward end of a landing strip, and t o use the model t o derive functions which define the extent of the region affected by the roughness change and allow adequate prediction of wind and s h e a r s t r e s s profiles a t a l l points within the region. A model consisting of two bounding logarithmic l a y e r s and a n intermediate velocity defect l a y e r i s assumed, and dimensionless velocity and s t r e s s distribution functions which m e e t a l l boundary and matching conditions a r e hypothesized. The functions a r e used in a n asymptotic f o r m of the equation of motion t o derive a relation which governs the growth of the internal boundary layer. The growth relation i s used t o predict variation of surface s h e a r s t r e s s , and the associkted wind and s t r e s s profiles along the new surface a g r e e adequately with experimental wicd profiles obtained in field studies. 
FOREWORD
The r e s e a r c h r e p o r t e d h e r e i n w a s motivated by t h e need t o understand the s t r u c t u r e of the a t m o s p h e r i c boundary l a y e r o v e r a i r p o r t s f o r a i r c r a f t safety applications. T h i s i s one in a s e r i e s of r e p o r t s on low-level a t m o s p h e r i c flows a s r e l a t e d t o a e r o n a u t i c a l operations published by the Aerospace Environment Division, Space Sciences L a b o r a t o r y , NASA-Marshall Space Flight Center. The support f o r t h i s r e s e a r c h w a s provided by Mr. John E n d e r s of the Aviation Safety Technology Branch, Office of Aeronautics and Space Technology in NASA H e a d q u a r t e r s , and by t h e MSFC !3ummer Faculty P r o g r a m . Title P a g e Development of a n internal boundary l a y e r f o r t r a n s i t i o n of flow f r o m rough to smooth t e r r a i n . height of E k m a n l a y e r i n t e r n a l boundary l a y e r von K a r m a n constant = 0. = nondimensional h o r i z o n t a l component of m e a n wind = horizontal component of m e a n wind = m e a n wind velocity a t z = 6 0 = m e a n wind velocity a t z = 6 i = m e a n wind velocity a t z = = s u r f a c e f r i c t i o n velocity upwind of discontinuity The purpose g3f the r e s e a r c h reported h e r e i n i s t o develop a model of a low-level a t m o s p h e r i c flow o v e r a t e r r a i n of changing roughn e s s length. A flow of this kind i s found a t the windward end of landing s t r i p s a s the wind blows onto tile relatively smooth s u r f a c e of t h e s t r i p f r o m the relatively rough s u r f a c e of t h e surrounding t e r r a i n . The work involves u s e of the proposed model to d e r i v e functions which define the extent of the region and allow the calculation of wind and s h e a r s t r e s s profiles a t a l l points within the affected region.
Elliott [ I ] was one of the f i r s t t o study the change of t e r r a i n problem. He predicted that the thickness 6 of the region affected by i the change in roughness length i n c r e a s e s with the 415-power of distance x f r o m the discontinuity; i. e . , with fetch. Elliott r e f e r s t o the region of the flow disturbed by the discontinuity a s the internal boundary l a y e r (IBL). Other investigators have pursued the p r o b l e m using various models for the internal boundary l a y e r ; e. g. , Taylor [ 6 ] , P e t e r s o n [7], and Rao, Wyngard, and Cote [8] .
P l a t e [9] h a s reviewed work done p r i o r to 1971 on the internal boundary l a y e r problem. The m o s t r e c e n t studies utilize computer methods, together with a suitable turbulence c l o s u r e model, to solve the governing equations.
A few investigators have studied the p r o b l e m experimentally in wind tunnels. The e a r l i e s t experimentation w a s done by J'acobs [ l o ] , and the l a t e s t was accomplished by Antonia and Luxton [ l l ] . The l a t e s t field data w e r e reported by Bradley [12] . F a i r a g r e e m e n t has been obtained between experimental data and theoretical predictions.
The technique of asymptotic matching in conjunction with a s s u m e d scaling laws shall be used t o e x t r a c t a s much information a s possible f r o m the equations of motions about the flow of concern. The motivation f o r t h i s i s t o avoid lengthy and complicated n u m e r i c a l solution methods which tend t o m a s k the physics of the problem. The technique of asymptotic matching p e r m i t s one t o capture the physics of the probl e m , e x t r a c t basic needed information, and avoid the negative a s p e c t s of n u m e r i c a l methods.
PROPOSED FLOW MODEL
'rhe p r e s e n t investigation deals with the t r a n s i t i o n region o c c u rring in a neutral constant s t r e s s l a y e r due to a n a b r u p t change in s u r f a c e roughness, the line of the discontinuity being n o r m a l t o the direction of the wind. It i s a s s u m e d that the s u r f a c e s a r e covered with uniformly distributed roughness e l e m e n t s (i. e . , s m a l l o b s t a d e s o r p r o t r u s i o n s ) the height of which m a y be c h a r a c t e r i z e d by t h e s c a l e z (roughness 0 length). The flow is a s s u m e d to be steady, two-dimensional, and incompressible, with n e u t r a l hydrostatic stability prevailing throughout the e n t i r e l a y e r . The approach that i s used in the ar,alysis i s s i m i l a r t o that of C l a u s e r [13] in h i s study of the turbulent boundary l a y e r and of Csanady [14] and Blackadar and Tennekes [15] in t h e i r investigations of turbulent E k m a n l a y e r s .
Blackadar and Tennekes [15] and many o t h e r s have shown that the wind profile in the equilibri m s u r f a c e l a y e r upwind of the discontinuity i s given by
This equilibrium wind profile i s r e p r e s e n t e d schematically in F i g u r e 1. Panofsky [163 s t a t e s that the thickness of this s u r f a c e , o r logarithmic l a y e r of the a t m o s p h e r e , i s of the o r d e r of 30 m e t e r s and that the Coriolis f o r c e s m a y be neglected in t h i s l a y e r .
P r e v i o u s investigators a s s u m e d that a n internal boundary l a y e r i s formed above the smooth s u r f a c e (roughness length of z ) and that i t 0 grows with increasing distance f r o m the discontinuity a t x = 0. In F i g u r e 1 two regions a r e defined by a c u r v e emanating f r o m the origin; i.e.,
F i g u r e 1. Development of a n internal boundary l a y e r for t r a n s i t i o n of flow f r o m rough t o smooth t e r r a i n .
which f o r m s a s u r f a c e above which the wind profile i s described by equation (1) and below which the wind profile i s undergoing t r a n s i t i o n t o a new equilibrium profile given by
The fetch x corresponding t o the achievement of t h i s condition i s r e p r esented mathematically a s x , o~. Equation ( (3). Thus, although wind m a y be specified a s continuous a t the boundary of the two regions, the derivatives a r e not continuous a c r o s s t h i s boundary, To circumve.nt t h i s difficulty it i s proposed that the IBL be modeled a s before but that a n intermediate o r matching region be i n s e r t e d between the two l o g a r i t h m i c r e g i o n s a s indicated in F i g u r e 2. The t h i c k n e s s 6 o f t h e internal b n~i n d a r y l a y e r a s p r e v i o u s l y i defined a n d a s depicted in F i g u r e 1 i s i n t e r m e d i a t e between t h e o u t e r l a y e r defined by the s u r f a c e z = 6 (x) and t h e s u b l a y e r defined by the This m e a n s that 6. defines t h e s u r f a c e below which t h e flow h a s a c c e l e -1 r a t e d relative t o the original equilibrium profile given by equation (1).
LOGARITHMIC REOlON
Continuity r e q u i r e s that the region defined by 6. < z < 6 contain a flow 1 0 which h a s d e c e l e r a t e d relative t o the original equilibrium profile.
Thus, the proposed model includes t h r e e length s c a l e s ; viz., A, hi, and 60, and t h r e e velocity s c a l e s ; viz., u::~:, u,, and u:::,.
T h e s e s c a l e s will be utilized in the next section t o develop suitable s i m i l a r i t y functions for wind and s h e a r s t r e s s . the value a t the s u r f a c e but is a variable function of height z and fetch x. It i s dependent on s u r f a c e s t r e s s u :~, a function of fetch only, and the s h e a r s t r e s s function G(q), which is defined a s and which c l e a r l y indicates the relationship between u::< and G(q). ( 5 ) and ( 7 ) can be determined f r o m a consideration of the boundary and matching conditions to which they m u s t conform. The m o s t obvious of t h e s e conditions a r e written f i r s t ; i. e . , those f o r which the function i s z e r o o r unity.
The nature of the s i m i l a r i t y functions defined in equations
The function F(T) i s z e r o when the velocity u equals the \.clncity u. on the surface defined by z = 6 i (~) . The height of t h i s s u r f a c e is 1 e x p r e s s e d nondimensionally a s Thus, the condition a t this s u r f a c e can be written a s
The function G(q) i s z e r o a t the outer portion of region I1 w h e r e the s h e a r s t r e s s m u s t approach the u p s t r e a m value T , which i s the 0 1 value of s h e a r s t r e s s found a t a l l heights in the equilibrium l a y e r u p s t r e a m of the discontinuity. T h i s condition o c c u r s a t the height z = 6 and is written a s 0 In t h e region above region I1 the s h e a r s t r e s s i s constant; t h e r e f o r e , a7 ---0 f o r z z b , a~ o T h e resulting condition f o r the s h e a r s t r e s s functio, i s S i m i l a r l y , in t h e l o w e r p a r t of the i n t e r n a l boundary l a ye r ; i. e , , in region I,
( 1 3 ) w h e r e Conditions a t the e x t r e m i t i e s of region I m a y he w r i t t e n a s At the outer l i m i t of region I1 u = u , and equation (7) In o r d e r that the flow be self-preserving; i. e., that the function F ( q ) not depend on fetch x, it i s required that F ( l ) = constant. This r e q u i r ement imposed on equation (18) (1) and ( 5 ) r e s u l t s in the condition
Next the interfacial conditions a s z -. X (q -* b ) a r e considered.
Again, the derivatives a r e matched, with the following result:
Similarity r e q u i r e s that b, like /3, i s a t m o s t a function of z / z 0 01 which must be determined by experiment. Its value i s t o be determined l a t e r for a particular case.
At t h i s point a tentative velocity defect function i s c o n s t r u c t e d which s a t i s f i e s a l l of the n e c e s s a r y conditions f o r matching a t the u p p e r a n d l o w e r bounds of region 11; t h e s e conditions w e r e given p r e v i o u s l y a s equations ( 9 ) , (1 8), (20), and (21) . A suitable function f o r t h e r e g i o n of velocity d e f e c t i s an<! t h i s function c a n be utilized t o d e t e r m i n e velocity distribution in region I1 a f t e r t h e growth l a w governing 6 a n d the constant /3 a r e i d e t e r m i n e d . The function given by equation (22) 
c a n be e s t a b l i s h e d via a s y m p t o t i c c o n s i d e r a t i o n s by demanding that the v e r t i c a l g r a d i e n t of u
given by equation ( 3 ) a s z -* a and the v e r t i c a l g r a d i e n t of u given by equation ( 5 ) a s z -, 0 m e r g e t o g e t h e r in a n o v e r l a p r e g i o n in which both f o r m u l a t i o n s given by equations ( 3 ) and ( 5 ) The utility of equation (24) will be demonstrated later.
The required s t r e s s function m u s t satisfy the matching conditions given by equations ( l o ) , (12), (15), (16), and (17) . Figure 3 depicts the shape of the required function a s determined f r o m the conditions listed above. An e r r o r function satisfies a l l matching conditions and i s used to construct the s t r e s s function a s i s described below, The general f o r m of the function is taken to be
where the argument i s a function of 7. Let q = /3 be chosen to be the point of inflection; i. e., the maximum absolute value of slope G' (?) . This choice follows f r o m a consideration of the t e r m s of the equation of motion which governs flow in region 11; i. e., It c a n be shown f r o m equation (7) that the s t r e s s gradient i s proportional to G 1 (~) . Equation (27) shows a d i r e c t dependence of s t r e s s gradient upon convective acceleration. Since the s u r f a c e z = &j.(x) s e p a r a t e s 1 regions of net positive and negative a c c e l e r a t i o n , it i s plausible that fluid in the vicinity of that s u r f a c e e x p e r i e n c e s the l a r g e s t a c c e l e r a t i o n s and, hence, the l a r g e s t s t r e s s gradients. Since m a x i m u m s t r e s s gradient implies m a x i m u m absolute value of G 1 ( q ) , then q = fi c o r r e s p o n d s to the m a x i m u m value of the derivative of the e r r o r function; i. e . , c = O a t T = P .
T o construct t h e a r g u m e n t of c, cognizance i s taken of the r eq u i r e m e n t s stated i n equations (12) and (15) The constant b r e m a i n s undetermined, and experimental data m u s t be utilized to d e t e r m i n e i t s value. Only one point of data i s required, a s will be demonstrated in the next section. 1 and the fetch x , i. e . , the IBL growth law, i s derived. This i s obtained by integratipg a n asymptotic f o r m of equation (27), the equation of motion. The 1.e r m s a r e simplified by letting q = /3 and x -. 0. This r e s u l t s ir: a n e a s i l y integrated differential equation since F(fi), Ft(j3) and u::o n r e e a s l y i n f e r r e d f r o m equations (22) tinuity i s approached; however, equation (7) indicates that a m i n i m u m value of u , , is approached but not a z e r o value, because equation (7) fication for his assumption is that the velocity gradient, i s expected to bt: s m a l l initially a t q = P ; i. e . , in the vicinity of the juncture of the new and old velocity profiles. This is expected because of the acceleration of the fluid inside the IBL relative to that above the IBL. Equation (31) r e q u i r e s a s m a l l value of u,, a s h i s h r i n k s n e a r the -5.
origin.
The above 2ssumpt qTis reduce equation (27) The n u m e r i c a l prediction of Rao, Wyngaard, and Cote [8] is indicated with t h e dashed curve. The prediction of the t h e o r y h e r e i n i s indicated with t h e solid curve.
I
The r e s u l t s shown in F i g u r e s 4 and 5 indicate the d e g r e e of s u c c e s s achieved in the prediction of internal boundary l a y e r growth and of s u r f a c e s h e a r s t r e s s variation with fetch. Agreement betwzen theoretical prediction and experiment i s achieved a t a l l station. for which experimental data a r e available.
V. PREDICTION O F WIND AND SHEAR STRESS PROFILES IN IBL
The prediction of wind and s h e a r s t r e s s profiles in the internal b m n d a r y l a y e r following a discontinuity in s u r f a c e roughness can be achieved through the u s e of the equations developed in previous sections. T o achieve this, u s e i s made of equations (22) T o calculate a wind profile in the i n t e r n a l boundary l a y e r it i s n e c e s s a r y t o know the two roughness lengths and the s u r f a c e s t r e s s -upwind of the discontinuity. With t h i s information 6 . is calculated f r o m It is evident f r o m Figure 6 that the calculation method based on the proposed model i s capable of producing reasonable predictions of wind profiles in the internal boundary layer a s sociated with modification of the surface layer. Since the calculation of a wind profile requires use of the corresponding shear s t r e s s profile, the model i s assumed t o be valid for shear s t r e s s prediction a s well.
